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Abstract: Most microbial detection techniques require pretreatment, such as fluorescent
labeling and cultivation processes. Here, we propose novel tools for classifying and identifying
microorganisms such as molds, yeasts, and bacteria based on their intrinsic dielectric constants
in the THz frequency range. We first measured the dielectric constant of films that consisted of
a wide range of microbial species, and extracted the values for the individual microbes using
the effective medium theory. The dielectric constant of the molds was 1.24—1.85, which was
lower than that of bacteria ranging from 2.75-4.11. The yeasts exhibited particularly high
dielectric constants reaching 5.63-5.97, which were even higher than that of water. These
values were consistent with the results of low-density measurements in an aqueous environment
using microfluidic metamaterials. In particular, a blue shift in the metamaterial resonance
occurred for molds and bacteria, whereas the molds have higher contrast relative to bacteria in the
aqueous environment. By contrast, the deposition of the yeasts induced a red shift because their
dielectric constant was higher than that of water. Finally, we measured the dielectric constants
of peptidoglycan and polysaccharides such as chitin, @-glucan, and g-glucans (with short and
long branches), and confirmed that cell wall composition was the main cause of the observed
differences in dielectric constants for different types of microorganisms.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Rapid and accurate identification of hazardous microorganisms (or pathogens) is essential for the
effective treatment of deadly diseases, such as sepsis, and the prevention of further infections
[1]. However, contemporary microbial detection tools are limited by low detection speed,
which usually extends over a couple of days. In general, culture-based detection methods,
including polymerase chain reaction (PCR) systems, have been widely used to detect and quantify
microorganisms [2—4]. Although PCR is capable of detecting a wide range of infectious fungi
and bacteria, this method is generally time-consuming and labor-intensive. In many cases, it is
crucial to classify the types of pathogens as early as possible before the individual species are
distinguished. Therefore, it is essential to develop diagnosis tools with which we can exploit the
inherent physical properties of the microorganisms without necessitating pretreatment procedures
such as fluorescent labeling and cell cultivation.

One powerful approach for the identification and classification of microorganisms is optical
and electron microscope imaging of their morphology and intracellular organelles [5,6]. On
the other hand, gene amplification and sequencing of DNA and RNA have been adopted as
important tools for classifying a broad range of bacteria and fungi targets. For instance, in the late
1970s, a three-domain system introduced by Woese et al. divided cellular life forms into archaea,
bacteria, and eukaryotes (which include fungi) on the basis of ribosomal RNA analysis [7,8].
Importantly, because cell walls are unique with respect to different types of microorganisms,
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their structure and composition could work as an excellent target for the development of novel
selective identification tools [9—11]. For instance, in the case of bacteria, Gram staining methods
have been widely adopted to distinguish and classify bacterial species into two large groups
(Gram-positive and Gram-negative) based on the chemical and physical properties of their cell
walls [12,13]. However, Gram staining requires a labeling process, and distinction in terms of
cell wall composition has been largely unexplored for other types of microorganisms, such as
molds and yeasts.

Recently, THz metamaterials have emerged as real-time and sensitive tools for the detection
of living and viable microorganisms [14—16]. Because the metamaterial sensing is dielectric
sensing, obtaining information on the dielectric constant of the target substances is the primary
step for the practical application of the sensors [17-23]. Label-free detection has been introduced
using functionalized devices, for instance, by coating the substrate with the antibody specific
to the analytes [24,25]. However, the use of antibody is costly and does not persist in general,
thereby making the sensors disposable. Therefore, a novel approach for differentiating the types
of microbes in terms of their intrinsic properties, such as the dielectric constant, will provide a
breakthrough in the development of an early identification tool.

In this work, we performed THz time-domain spectroscopy on representative microorganisms
ranging from molds, yeasts, and bacteria, and found that it was possible to classify them in
terms of their dielectric constant. We first extracted the dielectric constant of the microbial
films, from which we then obtained the indexes for the individual species using the effective
medium theory. Their dielectric constants were consistent with results of a study performed in
an aqueous environment that exploited the metamaterial sensors incorporated into the fluidic
channels. Finally, we revealed that the differences in cellular structures, especially in cell wall
compositions, were responsible for the different dielectric constants among the different types of
microorganisms.

2. Methods

2.1.  Preparation of microorganism samples

We prepared representative microorganisms including molds, bacteria, and yeasts. They were
grown by a streaking on medium method followed by incubation for 2 d, obtained initially either
from the Korean Agricultural Culture Collection (KACC) or the Korean Collection for Type
Cultures (KCTC). The culture media and the incubation temperature varied from sample to
sample as follows: Penicillium chrysogenum (PC; KACC 45971; malt extract agar; 25 °C),
Aspergillus niger (AN; KACC 40280; malt extract agar; 25 °C), Monascus pilosus (MP; KCTC
42430; malt extract agar; 25 °C), Rhizopus oryzae (RO; KCTC 6944; potato dextrose agar; 24
°C), Mucor ambiguous (MA; KCTC 26787; malt extract agar; 25 °C), and Trichoderma viride
(TV; KACC 44532; malt extract agar; 20 °C) for molds; Escherichia coli (EC; KACC 11598;
nutrient agar; 37 °C), Alcaligenes faecalis (AF; KCTC 2678; nutrient agar; 37 °C), Pseudomonas
aeruginosa (PA; KCTC 1750; nutrient agar; 37 °C), Lactobacillus casei (LC; KCTC 13086; MRS
agar; 37 °C), Bacillus subtilis (BS; KCTC 3725; malt extract agar; 30 °C), and Staphylococcus
aureus (SA; KCTC 1928; nutrient agar; 37 °C) for bacteria; and Saccharomyces cerevisiae (SC;
KCTC 27139; glucose-peptone-yeast extract agar; 25 °C) and Schizosaccharomyces pombe (SP;
KCTC 27259; glucose-peptone-yeast extract agar; 25 °C) for yeasts. Their microscopic images
and general characteristics such as size and shape can be found in the references included in
Table 1. For the dielectric constant measurements on the microbial films, we prepared thick
and dense films by stacking the large amount of fungi and bacteria layer by layer on a cellulose
membrane until they reach the thickness of 200-600 pm.
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2.2. Preparation of polysaccharide films

To measure the THz dielectric constants of the polysaccharide films, we fabricated a thick and
dense pallet from powders purchased from Sigma-Aldrich, such as peptidoglycan (extracted
from BS, Sigma no. 69554), chitin (from shrimp shells, Sigma no. C 7170), S-glucan with
short branches (from Laminaria digitata, Sigma no. L 9634), and $-glucan with long branches
(from SC, Sigma no. G 5011). We required additional processes to prepare the glucan pallets
with triple strand structures [26]. Both -glucan (LB and SB) samples were isolated using an
alkaline-acid hydrolysis method to form the triple helix structure, followed by freeze-drying for
12 h. Conversely, a-glucan was isolated from starch solutions using a phase separation method
followed by freeze-drying for 12 h [27].

2.3. Fabrication of fluidic devices with metamaterial patterns

Metamaterial patterns were prepared using a conventional photolithography method on a high-
resistivity Si substrate (resistivity > 6000 Q-cm, and thickness of 550 um). Cr (2 nm) and Au
(98 nm) metal films were deposited using an e-beam evaporator in order to define the arrays of
split-ring resonator patterns with a linewidth of 4 um, outer dimensions of 36 um x 36 um, and
gap size of 3 ym. The fluidic channel, with a height of 20 um and width of 2 mm, was prepared
by pouring Polydimethylsiloxane (PDMS) onto a SU-8 mold used to form a trench structure in
PDMS. It was bonded to the substrate containing the metamaterial patterns after plasma surface
treatment [28]. The microbial solution was injected into the fluidic channel using a syringe pump.

2.4. THz time-domain spectroscopy

The real-time THz transmission amplitudes of the metamaterials with fungi were measured
with a conventional THz time-domain spectroscopy (THz-TDS) setup, as found in our previous
studies [14—16]. Briefly, a femtosecond laser at A = 800 nm was incident on the photoconductive
antenna, which emitted a linearly polarized THz pulse. Subsequently, this THz pulse was focused
on the microbial films and the metamaterials with an approximately 1 mm spot diameter under
ambient conditions. Time traces of the transmitted THz electric field both in amplitude and
phase were measured by varying the time delay between the 800 nm probe beam and the THz
pulse. The THz spectrum was taken by applying a fast Fourier transform to the time trace, and
was normalized with respect to the reference.

3. THz dielectric constant of different types of microorganisms

We investigated the dielectric properties of representative molds, yeasts, and bacteria, extending
the fundamental knowledge of microorganisms with a unifying perspective. This is based on the
expectation that the dielectric properties of each group of microorganisms would be different
because they have different cellular structures as summarized in Fig. 1(a). In particular, the cell
wall composition plays an important role in the case of molds and yeasts because they have
relatively thick walls that consist of various kinds of polysaccharides as will be discussed in
detail later [10,29,30]. Conversely, water comprises most of bacterial wall with a relatively thin
wall consisting of peptidoglycan [31].

We first measured the complex dielectric constants of the molds, yeasts, and bacteria by
preparing thick and dense microbial films with a thickness of 200-600 um. By measuring both
the amplitudes and phases of the transmitted THz pulses through the thick microbial films, we
extracted the complex dielectric constants of the films that consisted of closely packed fungi
and bacteria. The representative dielectric constants (&g1y,) of the microbial films are shown
in Fig. 1(b) for the three different species selected from the molds (Aspergillus niger), yeasts
(Saccharomyces cerevisiae), and bacteria (Escherichia coli). The real part of the dielectric
constant of the bacterial film reached approximately 2, whereas that of mold showed a value
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Fig. 1. (a) Schematic images of cell wall structures for molds, yeasts, and bacteria, including
their compositions. (b) Plots of frequency-dependent dielectric constants of representative
microbial films of yeast (S. cerevisiae), bacteria (E. coli), and mold (A. niger).

very close to 1 over a wide frequency range from 0.5-2.5 THz. In particular, the dielectric
constant of the yeast was very high, and reached approximately 4.2 at 1 THz. By comparison, the
imaginary components were negligible in the case of mold films indicating that they are mostly
transparent in the THz frequency range, whereas the bacterial films (0.21-0.37) and the yeast
films (0.32-0.55) exhibited relatively high imaginary values.

We extended our measurements into a variety of microbial films (out of 14 species) ranging
from molds, yeasts, and bacteria, and the results are summarized in Fig. 2(a). In other words,
the dielectric constant ranged 1.15-1.62 for mold films and 2.03-2.70 for bacterial films, while
those of yeasts exhibited very high values of 4.17—4.38. Evidently, these results reveal that the
microorganisms can be classified based on their intrinsic properties (i.e., dielectric properties)
without necessitating the fluorescent labeling and genetic sequencing. We excluded data for
molds (such as Neurospora intermedia with an eg), of approximately 1.69) that were covered by
hyphae and showed relatively higher values than those shown in Fig. 2(a) (but still lower than
those of bacteria).

The dielectric constants of the individual fungi and bacteria could be obtained from those
of the films by using the effective medium theory (Bruggeman model) of (egim — 1)/3&fim =
f(er — 1)/(&f + 2&q1m ), where f is the packing fraction of the fungi and bacteria contained in the
films [32]. In order to obtain the dielectric constants, we extracted the volume fraction of the
individual fungi and bacteria that comprised the microbial films from the shape of the individual
microorganisms as summarized in Table 1. In general, the packing fraction depends strongly on
the aspect ratio because it influences the arrangement in the closely packed layers for the rod and
ellipsoid shapes. The explicit relation between the aspect ratio and the packing fraction has been
reported in the Refs. [33-35]; conversely, we assumed the closely packed lattice with f = 0.64 in
the case of spherical shape. For instance, the volume fraction f = 0.74—0.80 was chosen for SC
(yeast) having an ellipsoid shape with an aspect ratio of 1.25-1.50, and f = 0.62—0.67 was chosen
for LC (bacteria) having a rod shape with an aspect ratio of 2.5-3.6. As a result, the real part of
the dielectric constant g, was measured as 5.63 and 2.84 (in terms of median value) for SC and
LC, respectively.

The complex dielectric constants of the individual microorganisms extracted from the effective
medium theory are summarized in Fig. 2(b) for the three different types of microorganisms.
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Fig. 2. (a) Real part of dielectric constants at 1 THz for three different types of microbial
films, including molds (6 species), bacteria (6 species), and yeasts (2 species). (b) Plot
of complex dielectric constants of individual microorganisms extracted using the effective
medium theory.

Table 1. Size, shape, aspect ratio (), and the fractional coefficient (f) for the microbial species in

Fig. 2.

Species Size (um) Shape Efilm @ f &r &i Ref.
Molds

P. chrysogenum 2.5x%x4.0 ellipsoid 1.20 1.6 0.76 1.27 0.14 [37]
A. niger 3.547 sphere 1.26 1 0.64 141 013 [38]
M. pilosus 5.0 sphere 1.15 1 0.64 124 012  [39]
R. oryzae 4.0-10.0 sphere 1.38 1 0.64 1.63 022  [40]
M. ambiguus 4.0-6.0 sphere 1.45 1 0.64 1.80 024  [41]
T viride (1.0-2.5) x (1.5-4.0)  ellipsoid  1.62 1.5-1.6 0.75-0.76  1.85  0.19  [42]
Bacteria

E. coli 1.0x 3.0 rod 2.03 3 0.63 286 043  [43]
A. faecalis (0.4) x (0.7-1.0) rod 2.04 1.75-2.5 0.65-0.68 275 038  [44]
P. aeruginosa (0.5-0.8) x (1.5-3.0) rod 2.45 3-3.75 0.61-0.64 3.72 0.64 [45]
L. casei (0.6-1.1) x(1.5-4.0) rod 2.05 2.5-3.64 0.62-0.67 2.84 046  [40]
B. subtilis 1.0x 2.8 rod 2.16 2.8 0.64 3.05 056  [47]
S. aureus 1.5 sphere 2.70 1 0.64 4.11 0.75 [48]
Yeasts

S. cerevisiae 4.0 X (5.0-6.0) ellipsoid  4.17 1.25-1.5 0.74-0.8 5.63 0.50 [49]
S. pombe 4.0 x (9.1-9.9) ellipsoid  4.38 227-247  0.78-0.8 597 079  [50]
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Focusing on the real part of the dielectric constant, it ranged 1.24—1.85 for molds and 2.75-4.11
for bacteria. Again, they were well classified with respect to the dielectric constant values, while
they were less than that of water (&, of approximately 4.3) [36]. Importantly, in the case of the
yeasts, it reached as high as 5.63-5.97, which was even higher than the water values. The origin
of the distinct identification of different microbial groups will be revealed later with respect to
their cell compositions. Until now, current identification of microorganisms primarily depends on
the observation of their morphology and sequencing of genetic materials, and their classification
in terms of their dielectric constant has never been demonstrated before. Importantly, our work
will allow us to identify the types of microorganisms in the early stage based on their intrinsic
properties without procedures such as fluorescent labeling and cultivation.

4. Low-density sensing in aqueous environment

Next, we demonstrate the results of sensing low-density microorganisms using metamaterial
sensors in an aqueous environment, which exhibited results consistent with the dielectric constant
values obtained above. We incorporated the metamaterial pattern into the fluidic devices and
monitored the change in the resonant frequency upon the flow of the liquid solution containing the
different species of microorganisms, as schematically illustrated in Fig. 3(a). THz transmission
spectra were obtained using THz time-domain spectroscopic techniques with an acquisition
time of 5 s for each spectrum [14—16]. The metamaterial resonance was determined by the
LC resonance, i.e., with fo = 1/(27VLC) [18]. The dielectric microorganisms placed in the
gap area would cause a change in the effective dielectric constants of the capacitor, thereby
resulting in a shift of the resonant frequency in metamaterials. The frequency shift Af can be
expressed as Af /fo o< —(Emicrobe — Ewater)/ Eeffs Where Emicrobe 1S the dielectric constant of the
deposited microorganisms, eyqeer i that of water, g.¢ is the effective dielectric constant without
the deposition of fungi.

The frequency shift was monitored as a function of the volume density of the microbial solutions.
The representative spectra are shown in Fig. 3(b) for two different species of microorganisms
from the yeasts (SC) and molds (AN) before and after the injection of the low-density solution
into the channel. Without the surface functionalization procedures, we waited for 20 min every
time after we injected the solutions so that a considerable amount of species could be precipitated
at the surface of the metamaterials. First, clear blue shifts (4f > 0) were observed in the case of
the molds. This was because the dielectric constant of molds was smaller than that of water (i.e.,
Emicrobe < Ewater); hence, a reduction in the effective dielectric constant will occur as microbes
occupy part of the gap area. By contrast, in the case of the yeasts, a red shift was observed
(4f < 0), which could have been due to the fact that the dielectric constant of the yeasts was
higher than that of water (i.e., Emicrobe > Ewater), as shown in Fig. 2(b).

The frequency shift is plotted as a function of the solution density in Fig. 3(c) for the 11
different microbes (4 molds, 6 bacteria, and 1 yeast). The solution density was estimated using
light-scattering methods in reference to that of Penicillium, which was evaluated by cell counting
methods using an optical microscope. We found that the frequency shifts of the molds were much
higher than those of bacteria for all the species we tested, although they all exhibited blue shifts.
This was consistent with the fact that the mold indexes had a higher contrast with respect to the
water values than those of bacteria, as shown in Fig. 2(b). In other words, the bacteria were more
sensitive in ambient conditions, whereas the molds were more sensitive in the aqueous phase.

On the other hand, yeasts exhibited a frequency shift in the opposite direction because they had
a higher dielectric constant relative to that of water as mentioned above. Overall, these results
illustrated that although the dielectric constant values shown in Fig. 2 were measured in a dried
condition, they are also applicable in aqueous environments. Although the fluidic experiments
were performed with the metamaterial resonance at around 0.8 THz, the dielectric constant of
the microbes obtained at 1 THz is still applicable because it is uniform over the wide spectral
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Fig. 3. (a) A schematic presentation of THz metamaterials sensing of liquids containing
low-density microorganisms. (b) The resonance shifts of THz metamaterials measured for
low-density mold (top) and yeast (bottom) solutions with densities of 2.4 x 108 and 8 x 107
units/ml, respectively. (c) Plot of frequency shift as a function of number density for different
species.

range as shown in Fig. 1(b). We note that the accurate identification of individual species was
limited in the current study, because many portion of the microbes are located outside of the
detection volume (which is highly localized around the gap area), as schematically shown in
Fig. 3(a). This necessitates future investigation into developing advanced sensors with which we
can capture the microbes exclusively around the gap structures as early as possible, and also into
designing novel sensors with enhanced sensitivity for single cell identification.

5. Dielectric properties of cell wall compositions

The origin of the distinct identification of different groups of microbes can be understood in
the context of differences in their cell structure. The cell wall of molds consists of a-glucan,
chitin, and S-glucan, as schematically illustrated in Fig. 4(a), although their relative fraction
differs significantly with different species [10]. Conversely, the composition of yeast is generally
dominated by B-glucan [29,30]. We noted that chitin has a linear chain structure and that
a-glucan has a single-stranded helix (SSH) structure [51-54]. Significantly, (1,3) 8-glucan has
a triple-stranded helix (TSH) structure with (1,6) linked branches. It has been reported that
[S-glucan found in molds has short branches (SB), whereas it has long branches (LB) with large
molecular weight in yeast cells [55-59].

We prepared various polysaccharide films as described in the methods section, and their
dielectric constants at 1 THz are illustrated in Fig. 4(b). Focusing on the mold and yeast walls,
the indexes for the chitin (linear chain) and @-glucan (SSH) were measured as 1.60 and 1.98,
respectively, at 1 THz. Many kinds of molds have relatively large compositions of chitin and
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Fig. 4. (a) Schematic images of molecular structures for peptidoglycan, chitin, a-glucan, and
B-glucans. (b) Real (filled boxes) and imaginary (open boxes) parts of dielectric constants
for peptidoglycan and polysaccharides films, measured at 1 THz.

a-glucan, which is consistent with the dielectric constant values shown in Fig. 2. Significantly,
B-glucan, which has a TSH structure, had a very large value compared with those of chitin and
a-glucan. Furthermore, we found that g-glucan with LB had extremely large indexes of 6.79
at 1 THz compared with that of the SB (3.34 at 1 THz). Therefore, the yeast index, which had
large values of 5.63-5.97, could be understood by the large composition of (1,3) S-glucan (TSH
structure) with LB.

On the other hand, bacterial cell wall thickness ranged from 20-80 nm, which was thinner than
that of fungi. The dielectric constant of the peptidoglycan with a SSH structure, which is the
main composition of the bacterial wall, was measured to be 1.8 at 1 THz as shown in Fig. 4(b).
Importantly, water comprises most of the mass of bacteria in general as mentioned before [31];
therefore, the dielectric constant of the bacteria could be described by the simple model of a
rod-shaped water capsule surrounded by the dielectric shell. This is also consistent with the
observation of the relatively large imaginary components of bacteria as shown in Fig. 2(b).

The results in Fig. 4 suggest that there should be a strong correlation between the dielectric
constant of cell wall compositions and their molecular structure. This is a very interesting issue,
necessitating future investigation based on an elaborate theoretical analysis. In particular, the
exceptionally high index for the long-branched g-glucan is likely due to large polarizability
of the branch structure, in which case the dielectric index could be tuned by engineering the
branch structures. We note that the polysaccharide films such as -glucan could be useful for
fabricating optical devices in which the large index is required in the THz frequency range.
Clearly, information on the dielectric constant of microorganisms in conjunction with their
cellular composition will be crucial for various applications with functional biomaterials, as well
as for their early identification.
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6. Conclusion

To conclude, we proposed novel classification and identification tools for microorganisms,
including molds, yeasts, and bacteria, based on their intrinsic dielectric constants in the
THz frequency range. We first measured the dielectric constants of the various species of
microorganisms, from which we extracted the values for the individual microbes. The indexes
of the molds ranged from 1.24-1.85, but these were higher in the case of bacteria ranging
from 2.75-4.11, which were relatively close to the values for water. The yeasts showed a
particularly high dielectric constant reaching 5.63-5.97, which was even higher than that of
water. These values were consistent with the results of low-density measurements in an aqueous
environment using microfluidic metamaterials. In particular, a blue shift in the metamaterial
resonance occurred for molds and bacteria, whereas the molds were more sensitive than bacteria.
By contrast, the deposition of yeasts induced a red shift because their dielectric constant was
higher than that of water. Finally, we measured the dielectric constants of peptidoglycan and
polysaccharides such as chitin, @-glucan, and S-glucans (with SB and LB), thereby confirming
that cell wall composition was the main cause of the observed differences in dielectric constants for
different types of microorganisms. Our approach is likely to constitute an important breakthrough
for a novel classification tool for various living organisms and for the fabrication of highly
sensitive biosensors, thereby enabling high-speed, label-free detection of pathogens in various
environments.
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